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ABSTRACT Tubulin was extracted from spindles isolated from embryos of the sea urchin
Strongylocentrotus prupuratus, repolymerized in vitro, and purified through three cycles of
temperature-dependent assembly and disassembly . In addition to the tubulin, these prepara-
tions contain a protein of 80 kdaltons and a small but variable amount of actin . At 37 °C, the
tubulin polymerizes with a critical concentration of 0.15-0.2 mg/ml into smooth-walled
polymers which contain predominantly 14 protofilaments . Removal of the 80 Walton protein
and the actin by DEAE-chromatography does not change the critical concentration for polym-
erization . At 15 °C, which is within the range of physiological temperatures for S . purpuratus
embryos, the spindle tubulin will self-assemble, but the rate of total polymer formation is very
slow, requiring hours in the test tube . This rate can be increased by shearing the polymerizing
microtubules, creating more ends for assembly, indicating that the slow rate of polymer
formation is due to a slow rate of self-initiation . If spindle tubulin is polymerized at 37°C and
then lowered to 15°C, some polymer will be retained, the percentage of which depends on the
protein concentration . These results demonstrate that spindle tubulin from S . purpuratus will
assemble at 37 °C with a low critical concentration for polymerization in the absence of
detectable MAPS and will self-assemble and maintain steady state levels of polymer at
physiological temperatures .
Microtubules were first polymerized in vitro from crude ex-
tracts ofmammalian brain tissue (46) . Since then, an extensive
study of the properties of neurotubulin has provided a frame-
work within which to analyze tubulin polymerization in vitro .
However, analysis of the in vitro polymerization characteristics
of tubulin from a variety of sources has shown that not all
tubulin is analogous to mammalian brain tubulin, especially in
the degree to which its polymerization is dependent on the
presence of associated proteins . For example, bovine brain
tubulin at concentrations up to 2 mg/ml requires the presence
of microtubule-associated proteins (MAPs) (29, 30, 38, 45) or
special solvent conditions (glycerol and high concentrations of
Mg") (25) to polymerize, whereas tubulin from Ehrlich ascites
tumorcells (8), dogfish brain (24), and sea urchin sperm flagella
(3, 10, 11, 21) and egg cytoplasm (22) will polymerize in the
absence of any additional proteins at concentrations <2 mg/
ml . This difference in requirements for polymerization as well
as the possibility that tubulin may have many different func-
tions suggests that mammalian brain tubulin may not be an
adequate model system for understanding all tubulin polym-
erization . An understanding of the role of tubulin in a specific
function, for example mitosis, may require a knowledge ofthe
properties of the specific tubulin participating in that function .
The specific tubulin that participates in mitosis can be
obtained from spindles isolated from mitotic cells . Embryos of
marine organisms are an excellent source of mitotic tubulin
because they enter mitosis synchronously, at which time their
spindles can be isolated in quantities large enough for biochem-
ical analysis. The development of techniques for the isolation
of spindles in which the microtubules are cold and calcium-
sensitive has made the extraction of polymerizable tubulin
from isolated spindles possible. Originally, Rebhun et al . (37)
showed that tubulin extracted by cold depolymerization from
isolated spindles ofthe sea urchin Strongy1ocentrotuspurpuratus
will repolymerize in vitro (37). More recently, Murphy (20)
and Keller and Rebhun (19) have shown that tubulin extracted
from meiotic spindles of eggs of the surf clam Spisula solidis-
sima will also repolymerize in vitro . Here we extend these
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(37) and characterize its properties of polymerization and
depolymerization in order to gain greater insight into the
regulation of tubulin in mitosis .
Parts of this work have appeared previously in abstract form
(18) .
MATERIALS AND METHODS
Egg Fertilization and Embryo Development
Gametes of the sea urchin S . purpuratus were used in all experiments . S .
purpuratus were purchasedfrom Pacific Biomarine (Venice, CA)and maintained
in an artificial seawater system (Instant Ocean, Aquarium Systems Inc., Eastlake,
OH). Eggs were obtained by intracoelomic injection of0.5M KCIand dejellied
by washing once in Ca-/Mg--free seawater (0.5MNaCl, 27mM KCI, 2mM
EDTA,pH 7,8) and three times in Marine Biology Laboratory (MBL)-seawater
(6) before fertilization. Testes were exised from males and stored "dry" at 4°C
until used.
Eggs were fertilized with a dilute suspension of sperm and within 5 min
stripped of their fertilization membranes by passing them through bolting cloth
(TEKTO, Inc. Elmsford, NY) . They were then diluted into a large volume of
MBL-SW, stirred for 15 min to prevent clumping, and settled and resuspended
four times in a large fmgerbowl, aspirating the fertilization membrane debris
after each settling . Development of the spindles at 18°C usually occurred
synchronously within 85-100 min after fertilization and was monitored with
polarization optics .
Spindle Isolation
Birefringent spindles used as the source of tubulin in these experiments were
isolated in either of two ways . When the majority of the embryos contained
metaphase spindles, they were either (a) washed once in 1 M glycerol, I mM
EGTA,pH 7.5, resuspended in a 10-fold volume of isolation medium containing
100 mM piperazine-N-N'-bis (2-ethene sulfonic acid) (PIPES), l MM MgCl2 , 1
mM EGTA, 3.4M glycerol, 0.1% Triton X-100, pH 6.8, and shaken by hand to
lyse the cells, releasing the glycerol-stabilized spindles (hereafter referred to as
glycerol-isolated spindles) or (b) washed once in Ca-/Mg--free seawater,
resuspended in a 10-fold volume of 100mM PIPES, I MM MgC1 2, 5 mM EGTA,
0.1% Triton X-100, pH6.5, and shakenby hand to lyse the cells, releasing thepH
6.5-stabilized spindles (hereafter referred to as nonglycerol-isolated spindles) .
Spindles isolated at pH 6.8 in 100 mM PIPES, I MM MgC1 2, and I mM EGTA
in the absence of a stabilizing agent such as glycerol were not stable at room
temperature andtherefore not useful for obtaining spindle tubulin. Both glycerol-
isolated and nonglycerol-isolated spindles were collected by centrifugation in a
clinical centrifuge at 1,000g for 4min . The spindles were then washed once with
the isolation medium, once with the isolation medium without detergent, and
twice with 100mM PIPES, 1 MM MgC12, 1 mM EGTA at pH 6.8 or 6.5 before
extraction of the tubulin.
Purification of Tubulin by Cycles of Assembly
and Disassembly
Spindle tubulin was routinely extracted from pelleted spindlesby the addition
of aliquots of 50 mM CaC12 to a final free calcium concentration of -0.5-0 .8
mM or by placing the spindles on ice for 30-40 min. Extraction of the tubuhn
was assayed by monitoring the loss of birefringence from the spindles with
polarization microscopy . The loss of birefringence from the spindles with either
treatment was facilitated by repeatedly passing the spindles througha 23-gauge
needle . Cold- or calcium-treated spindle preparations that contained little or no
detectable birefringence were then centrifuged at 100,000 g for 20-30 min to
obtain the solubilized tubulin which remained in the supernatant. This tubuhn
was polymerized by adding GTP to a final concentration of 1 mM andEGTA to
a final concentration of 2 mM (where necessary to chelate calcium added to
tubulin extraction) and warming to 37 °C. Glycerol was routinely added to
tubulin from glycerol-isolated spindles to a final concentration of 3.4 M . No
glycerol was ever added to tubulin from nonglycerol-isolated spindles . Polymer-
ization of the tubulin was assayed as increased turbidity (12) at 350 nm in a
Perkin-Elmer spectrophotometer model 576 equipped with a temperature-con-
trolled cuvette holder (Perkin-Elmer Corp ., Instrument Div., Norwalk, CT) or as
birefringence observed with a handheld polariscope (A. H. Thomas, Co ., Phila-
delphia, PA). Polymerized tubulin was pelleted by centrifugation at 40,000 g for
30 min and the supernatant was removed . This pellet, referred to as the first-
cycle pellet, was stored at -80°C until use . First-cycle pellets were pooled and
further purified either by cycles of temperature-dependent assembly and disas-
sembly in 100mM PIPES, I MM MgC12, 1mM EGTA,pH 6.8 or 6.5, or by ion-
exchange chromatography . Actin was sometimesremoved from glycerol-isolated
spindle tubulin preparations by layering the solution of polymerized tubulin over
a cushion of 8M glycerol in 100 mM PIPES, l MM MgC12, 1 mM EGTA, pH
6.8, and pelleting the microtubules through the cushion by centrifugation at
100,000g for 45 min.
Proteolytic enzyme inhibitors were tested to determine whether cycle-purified
spindle tubulin preparations had altered SDS PAGE patterns due to proteolytic
enzyme activity . Phenylmethylsulfonylfuoride, 0.5 mM (diluted from a 100 mM
stock made in isopropanol into aqueous solution immediately before use) and
soybean trypsin inhibitor, 0.1 mg/ml, were used in all solutions in the isolation
and cycle-purification of spindle tubulin . Because no difference was noted
between preparations isolated and purified with or without the inhibitors, the
inhibitors were not routinely used in subsequent preparations.
Bovine brain tubulin used for comparison in this study was purified through
one cycle in 100 mM PIPES, t MM MgC12 , 1 mM EGTA, 1 mM GTP, 3.4 M
glycerol,pH 6.8, and two additional cycles in the absence of glycerol with 100
mM PIPES, I mM MgC12 , 1 mM EGTA, 1 mM GTP, pH 6.8 .
Purification of Spindle Tubulin by Ton-
exchange Chromatography
Anion-exchange chromatography was performed using a modification of the
method of Murphy and Borisy(31). In our hands, the recoveryofthe protein was
more reliable and the elution profile was more reproducible with carefully
prepared DEAE-cellulose than with DEAF-Sephadex . DE-52 (Whatman, Inc .,
Chemical Separation Div., Clifton, NJ) was prepared by suspending it in 100
mM PIPES-KOH, pH 4.5 (not all of the PIPES is in solution at this pH) and
degassing under vacuum. The suspension was then brought to pH 6.8 with
concentratedKOHand equilibrated with a degassed 10-fold lower concentration
of PIPES (10 mM), pH 6.8, with 1 mM MgCl2 and 0.1 mM GTP (equilibration
buffer) . Approximately 3 ml of I mg/ml spindle tubulin, purified through one
cycle ofassembly and disassembly and resuspended in equilibration buffer, was
loaded onto the column (4-ml bed volume) . After loading, the column was
washed with 10 bed vol each of0.1 M, 0.3 M, and 0.6MKCl in the equilibration
buffer, and 1-ml fractions were collected . Protein elution was assayed by moni-
toring the optical density ofthe fractions at 280nmusing the equilibration buffer
as a reference . The tubulin fractions eluted with0.6MKCIwere quickly desalted
by centrifuge column chromatography (7) using Sephadex G-25-80 equilibrated
in 100 mM PIPES, 1 MM MgC1 2, 1 mM EGTA, and I mM GTP, pH 6.8 . The
centrifuge chromatography was performed in disposable plastic columns which
were suspended in 15-ml conical centrifuge tubes and spun in a clinic centrifuge .
Phosphocellulose chromatography was performed with acid-base cycled phos-
phocellulose (P-11 ; Whatman) equilibrated with 100mM PIPES, 1 mM MgC12 ,
l mM GTP, pH 6.8, using modifications ofthe methods ofWeingartenet al. (45)
andSloboda et al. (39) . Approximately 3mg ofprotein was chromatographed on
a 3-ml bed vol of phosphocellulose,
Gel Electrophoresis and Protein Determination
SDS PAGE was performed in tubes or slabs according to the method of
Laemmli (23). Gels were stained with Coomassie Blue by the method of Fair-
banks et al. (9) or with Fast Green by the method of Sloboda et al . (39) . Tube
gels stained with Fast Green were scanned on a Gilford recording spectropho-
tometer with a linear transport (Gifford Instrument Laboratories Inc ., Oberlin,
OH) .
Protein concentration was determined by the method of Lowry et al . (26) as
modified by Bensadoun and Weinstein (2) using bovine serum albumin as the
standard .
Electron Microscopy
Microtubules, either unfixed or fixed in 1% buffered glutaraldehyde, were
deposited on glow-discharged carbonized Formvar-coated grids and negatively
stained with 1% uranyl acetate . Isolated spindles and pellets of third-cycle
microtubules were fixed in 1% glutaraldehyde buffered to pH 7.0 with 100 mM
sodium phosphate either with or without 8% tannic acid, postfixed in 4% OSO,,
stained en bloc with 1% uranyl acetate, dehydrated througha series of alcohol
concentrations, andembedded in Epon . Thin sections were stained sequentially
with 4% uranyl acetate and 5% lead citrate . Grids were examined at 75 kV in a
Hitachi HU-I IE electron microscope .
RESULTS
Isolation of the Spindles and Extraction of
the Tubulin
Birefringent spindles isolated either at pH 6.8 in the presence
of glycerol (glycerol-isolated spindles, Fig . 1 a and b) or at pH
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from embryos of the sea urchin S. purpuratus appeared to have
similar stable birefringent retardations . In the absence of glyc-
erol at either pH 6 .8 or 6.5, the birefringence of both glycerol-
isolated and nonglycerol-isolated spindles was labile to both
cold and calcium, decreasing within seconds in 0.8 mM free
calcium and within 30-45 min at 0°C . Remnants ofthe isolated
spindles, having lost most if not all of their detectable birefrin-
gence, still exhibited the overall shape of the intact spindle
(Fig . 1 c and d) .
The loss of birefringence during treatment with cold or
calcium corresponds to a solubilization of most of the tubulin
and certain other proteins from the spindles . SDS polyacryl-
amide gel patterns of whole glycerol-isolated spindles, pelleted
remnants, and the proteins solubilized by treatment with cal-
cium are shown in Fig . 2 . As can be seen in channel C, spindle
tubulin, which is always the major protein present in the
solubilized fractions, typically runs as three bands, two a and
one ß, unlike bovine brain tubulinand sperm flagellar tubulin
which run as two bands in this gel system .
Although there was no significant qualitative difference in
the proteins present in fractions solubilized by either cold or
calcium from either glycerol-isolated or nonglycerol-isolated
spindles, there was a significant variation from preparation to
preparation in the relative quantities ofcertain proteins present .
These variations occurred especially in a PAS-positive band
(compare Fig. 3, channel C with Fig . 5, channel A and G) that
comigrates with the 22S yolk protein (17, 42) and in a band
that comigrates with skeletal muscle actin, which we assume to
be sea urchin actin. The amount ofyolk protein present varied
regardless ofthe method ofisolation. Actin, on the other hand,
FIGURE 1 Isolated mitotic spindles and remnants. a and b are
polarization (a) and phase-contrast (b) micrographs of glycerol-
isolated spindles . c and d are polarization (c) and phase-contrast
(d) micrographs of remnants of spindles exposed to 0°C for 45 min .
Bar, 10 g,m . x 575.
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FIGURE 2 Coomassie-Blue-
stained 7.5% SDS polyacryl-
amide gel of (A) whole glyc-
erol-isolated spindles, (B)
100,000 g pelleted remnants of
glycerol-isolated spindles
treated with 0 .5mM CaCIZ and
(C) 100,000 g supernatant of
Ca"-treated glycerol-isolated
spindles . Tubulin and actin
can be identified in all frac-
tions although the remnant
fraction (B) contains even less
tubulin with longer exposures
to calcium . The molecular
weights indicated x 103 were
determined by the migration
of standards .
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FIGURE 3
￿
Graph of change in optical density at 350 nm vs . time in
minutes for the four concentrations of glycerol-isolated tubulin
indicated . Baselines were determined on samples placed on ice for
5 min before and after polymerization . A linear extrapolation be-
tween the baselines (which increased "0.01 U over the course of
the experiment) was used as the baseline at any given time point.
The graph starts when cuvette holder temperature was shifted from
15°C to 37°C, which is reached in -3 min .
was typically present in greater quantities in whole-spindle
preparations isolated with glycerol at pH 6 .8 than in those
isolated without glycerol at pH 6 .5 . Consequently, there was
less actin present in fractions solubilized from nonglycerol-
isolated than glycerol-isolated spindles.
Self-assembly and Purification of the Spindle
Tubulin by Cycles of Assembly and Disassembly
The solubilized spindle tubulin was repolymerized into mi-
crotubules and further purified by cycles of temperature-de-
pendent assembly and disassembly . The initial in vitro polym-
erization was stimulated by adding GTP and EGTA and
warming to 37°C . Glycerol was routinely added to tubulin
extracted from glycerol-isolated spindles for the first polymer-
ization, although it was not necessary for polymerization and
was not added to the tubulin in subsequent cycles. Glycerol
was never added to the tubulin from nonglycerol-isolated
spindles . Polymerization was assayed quantitatively by moni-
toring tubidity (Fig. 3) and qualitatively by the development
of birefringence and by the presence of microtubules in nega-tively stained samples visualized with electron microscopy (Fig .
4) .
Purification of the spindle tubulin through three cycles of
temperature-dependent assembly and disassembly resulted in
a preparation containing tubulin, a protein with an apparent
molecular weight of 80 kdaltons, and in some cases actin. SDS
polyacrylamide gel patterns ofsamples taken from resuspended
microtubule pellets during the cycle-purification of glycerol-
isolated and nonglycerol-isolated spindle tubulin are shown in
Fig . 5 . Channel A is a sample from the original 100,000 g
supernatant after exposure of glycerol-isolated spindles to 0.8
mM CaC12 . Channels B, C and D are samples of the micro-
tubule pellets in the first, second, and third cycles of tempera-
ture-dependent assembly and disassembly purification. Chan-
nels F and G are samples of the pelleted remnants and the
100,000 g supernatant of Ca"-treated nonglycerol-isolated
spindles . Channels H, I, and J are samples of the microtubule
pellets from the first, second, and third cycles ofpurification of
this tubuhn . In both cases, a protein of 80 kdaltons appears to
copurify with the spindle tubulin through the cycles of assem-
bly and disassembly purification. Protein quantitation by scan-
ning densitometry of gels stained with Fast Green indicates
that the 80 Walton protein is present in amounts varying from
0.5% to 5% (wt/wt) of the tubulin in the third-cycle prepara-
tions (data not shown) . The amount of actin in the third cycle
is also variable, accounting for as much as 10% of the total
protein in some glycerol-isolated preparations . The actin,
where present, but not the 80-kdalton protein can be removed
from the preparations by pelleting the microtubules through
cushions of 8M glycerol (Fig . 5, channel E) .
Characteristics of the Polymerization of Cycle-
purified Spindle Tubulin
Spindle tubulin purified through several cycles of tempera-
ture-dependent assembly and disassembly polymerizes in a
concentration-dependent manner above low critical concentra-
tions at 37°C . The critical concentrations for polymerization
of the tubulin were determined by plotting the plateau values
FIGURE 4
￿
Negatively stained microtubules polymerized from non-
glycerol-isolated spindle tubulin that was purified through two
cycles of assembly and disassembly . Bar, 0 .5 gm . x 40,000 .
FIGURE 5 7.5% SDS polyacrylamide gels stained with Coomassie
Blue of samples from steps in the temperature-dependent cycle-
purification of glycerol-isolated and nonglycerol-isolated spindle
tubulin extracted from spindles with CaC1 2 : A is a 100,000 g super-
natant after treatment of the isolated spindles with CaCl2; B, C, and
D are samples taken from resuspended microtubule pellets from
the first, second, and third cycles, of temperature-dependent assem-
bly . E is a sample of microtubules pelleted through a cushion of 8
M glycerol during two cycles of purification . F and G are the 100,000
g pelleted remnant fraction (F) and 100,000 g supernatant (G) after
extraction of nonglycerol-isolated spindles with CaCl 2 . H, 1, and
are samples taken from resuspended microtubule pellets from the
first, second and third cycles, temperature-dependent assembly . The
80 denotes the migration position of an 80-kdalton spindle tubulin-
associated protein and the 225 notation denotes the migration
position of the major protein isolated from S . purpuratus eggs by
the method of Stephens (42) .
of the change in turbidity during polymerization (OD3so  )
against different protein concentrations and extrapolating to
the protein concentration below which the ordinate is zero and
assembly does not occur (12). The critical concentration at
37°C for nonglycerol-isolated spindle tubulin was 0.15 mg/ml
and that for glycerol-isolated spindle tubulin was 0.2 mg/ml
(Fig. 6) . This difference may not be significant, because the
slopes ofthe two lines in Fig . 6 are slightly different, indicating
that the glycerol-isolated tubulin may contain a small amount
of protein unable to polymerize . The low critical concentration
for polymerization ofspindle tubulin is, therefore, independent
of exposure ofthe tubulin to glycerol and is comparable to that
determined for cycle-purified bovine brain tubulin (0.15 mg/
ml data not shown) assayed under similar conditions.
In addition to being dependent on protein concentration,
both the extent and the rate of spindle tubulin polymer for-
mation are dependent on temperature . The temperature de-
pendence of the steady state was determined by polymerizing
nonglycerol-isolated spindle tubulin at 37°C until there was no
further increase in turbidity. The temperature was then lowered
to specific values and the samples were allowed to establish
new steady state levels of polymerization . The values obtained
from two such experiments are shown in Fig. 7, where the
percentage ofthe original polymer present at 37°C that remains
when that temperature is lowered is plotted against the final
temperature . The results were standardized by considering the
polymer formed at 37°C to be 100%, regardless of the protein
concentration . These results indicate that the percentage of
polymer remaining at any temperature is dependent on the
protein concentration as would be expected if the critical
concentration for the polymerization of spindle tubulin is
dependent on temperature.
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FIGURE 6 Critical con-
centration determina-
tions for glycerol-iso-
lated and nonglycerol-
isolated spindle tubulin
preparations after two
cycles of temperature-
dependent assembly
and disassembly purifi-
Electron Microscopy of Polymerized and
Depolymerized Spindle Tubulin
10 15 20 25 30 35 40
Temperature ( °C)
FIGURE 7
￿
Graph of the percentage of the polymer formed at 37°C
remaining as the temperature is lowered in sequential increments
versus the temperature of the new steady state . Data for nongly-
cerol-isolated spindle tubulin at two concentrations 0.74 mg/ml
(") and 1.15 mg/ml (O) are shown .
In addition, these results indicate that the spindle tubulin
should self-assemble at 15°C if the protein concentration ex-
ceeds the critical concentration for that temperature. Fig . 8
shows that 2.8 mg/ml of spindle tubulin will self-assemble at
15°C, but that the rate of polymerization, even at this high
protein concentration, is very slow, requiring greater than 4 h
to reach steady state . Passing the polymerization mixture
through a 23-gauge needle, which should shear the microtu-
bules present into smaller pieces, increases this rate of polym-
erization (Fig . 8) .
The microtubules formed in vitro at 37°C from cycle-puri-
fied spindle tubulin are smooth-walled polymers (Fig . 9) which
contain predominantly 14 protofilaments (Fig . 10 b) in contrast
to their structure in the isolated spindle which contains 13
protofilaments (Fig. 10 a) . Similarly, microtubules assembled
from cycle-purified brain tubulin can contain 14 protofilaments
depending on the buffer conditions (35), whereas microtubules
in brain tissue in vivo contain 13 protofilaments (35) . Micro-
tubules with 13 protofilaments as well as with 12 and 15
protofilaments and S-shaped sheets with as many as 26 proto-
filaments were also observed among the polymers formed from
spindle tubulin in vitro .
Although the structure of repolymerized spindle tubulin
appears similar to that of bovine brain tubulin, the depolym-
erization products of the two tubulins differ significantly.
Whereas depolymerized brain tubulin contains ring structures
which correspond to a 30 S or 36 S peak in the optical
ultracentrifuge (20), we have detected no aggregate forms in
either cold- or Ca"-depolymerized spindle tubulin by either
electron microscopy or optical ultracentrifugation (data not
shown) .
Polymerization of Spindle Tubulin in the
Absence of the 80-kdalton Protein
The presence ofthe 80-kdalton protein in the spindle tubulin
preparations purified by cycles of temperature-dependent as-
sembly and disassembly and the efficient polymerization of
that tubulin above low critical concentrations at 37°C suggest
that the 80-kdalton protein might be involved in stimulating
0.4
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60 120 180 240 300
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FIGURE 8 Record of the change in optical density at 350 nm vs .
time in minutes for the polymerization at 15°C of 2.8 mg/ml of
nonglycerol-isolated-spindle tubulin . Arrow indicates point at
which the polymerization mixture was aspirated through a 23-gauge
needle four times using a 1-ml syringe.
FIGURE 9
￿
Electron micrograph of a longitudinal section through a
pellet of glycerol-isolated spindle tubulin purified by two cycles of
temperature-dependent assembly and disassembly . Bar, 0 .5 g.m . x
40,000 .1 .5
E c
0
a 1 .0
FIGURE 10 Electron micrographs of cross-sections of microtubules : (a) a cross-section of a glycerol-isolated spindle and an
enlargement (inset) of spindle microtubules with 13 protofilaments . (b) Section through second-cycle pellet, and an enlargement
(inset) of microtubule with 14 protofilaments . Bar, 0.1 I,m . X 200,000 .
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FIGURE 11
￿
Profile of the elution of glycerol-isolated tubulin prep-
arations from DEAE-cellulose determined by monitoring the optical
density at 280 nm using 10 mM PIPES, 1 MM M9Cl2 , 0.1 mM GTP,
pH 6 .8, as a reference . Arrows indicate where KCI elutions were
started . Fractions 10-30 contained no protein detectable with Coo-
massie Blue staining after electrophoresis on polyacrylamide gels
and were assumed to contain GTP eluted from the column .
the polymerization of the spindle tubulin in a manner similar
to that for the stimulation of bovine brain tubulin polymeri-
zation by MAPS. To investigate this possibility, we have deter-
mined the critical concentration for polymerization of spindle
tubulin in the absence of the 80-kdalton protein . Spindle
tubulin was separated from the 80-kdalton protein and the
actin by anion-exchange chromatography on DEAE-cellulose .
Once-cycled glycerol-isolated and nonglycerol-isolated spindle
tubulin preparations were bound to DEAE-cellulose and eluted
with steps of0.1, 0.3, and 0 .6M KCI . The elution profile of the
DEAE-fractionation as well as SDS polyacrylamide gel pat-
terns of the peak fractions for the glycerol-isolated spindle
tubulin are shown in Figs . 11 and 12 . Profiles for a similar
fractionation of nonglycerol-isolated spindle tubulin were es-
sentially the same . The 80-kdalton protein, the actin, other
contaminating proteins, and a small amount of the tubulin
eluted from the column in 0.3 M KCI (Fig. 12, channel A).
Spindle tubulin, free of any detectable protein contaminant,
eluted from the column with 0.6 M KCI (Fig. 12, channels B
and C).
The DEAE-purified spindle tubulin from both glycerol-iso-
lated and nonglycerol-isolated preparations polymerizes with
critical concentrations in the range of0.15-0.2 mg/ml (with the
slopes of the lines similar to Fig. 6-data not shown) when
desalted into 100mM PIPES, 1 MM MgC12, 1 mM EGTA,pH
6.8 . The presence ofmicrotubules in negatively stained samples
of this preparation of pure spindle tubulin (Fig. 13) as well as
cold sensitivity of the turbidity formed confirmed that the
change in turbidity used to determine these critical concentra-
tions was due to the formation of bona fide microtubules .
These results indicate that pure spindle tubulin is able to
polymerize into microtubules above a low critical concentration
at 37°C and that this polymerization in the absence of associ-
ated proteins is independent of exposure of the spindle tubulin
to glycerol during its isolation . The fact that some ofthe spindle
tubulin consistently elutes from the column in the 0.3 M KCI
may indicate that the 80-kdalton protein interacts with some
of tubulin on the column, thereby altering the affinity of the
tubulin for the DEAE-cellulose .
Cation-exchange chromatography on phosphocellulose, a
technique commonly used to separate MAPs from bovine brain
tubulin (38, 45), did not separate the 80-kdalton protein or the
actin from the spindle tubulin because none of these proteins
bound to the column (data not shown). Moreover, the critical
concentration determined for the phosphocellulose-chromato-
graphed spindle tubulin was -0 .3 mg/ml (data not shown)
which represents an insignificant increase in critical concentra-
tionwhen compared to the increase to >2.0 mg/ml that occurs
with phosphocellulose chromatography ofbovine brain tubulin
(38, 45) . These results indicate that it is highly unlikely that
there are proteins present with the cycle-purified spindle tu-
bulin which effect its critical concentration but which are
hidden by the tubulin on SDS polyacrylamide gels because of
their similar mobilities . Proteins with these properties, the tau
proteins, are present in cycle-purified brain tubulin but are
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DEAE-cellulose chromatography (45) .
DISCUSSION
FIGURE 12 Coomassie
-Blue-stained 7.5% SDS
polyacrylamide gel of
samples from the
DEAE-cellulose purifi-
cation of glycerol-iso-
lated spindle tubulin
(Fig. 11) . Channel A is
a sample taken from
peak fraction of 0 .3 M
KCI elution . Channels 8
and C are samples
taken from two peak
fractions of 0 .6 M KCI
elution. Channel D is a
sample taken from the
protein loaded onto the
column . Molecular
weight measurements,
X 103 .
Because isolated spindles contain the tubulin that has been
assembled by the cells specifically for mitosis, they provide an
opportunity for determining the specific characteristics of mi-
totic tubulin . In addition, the isolation of spindles is a simple
procedure for removing tubulin, together with proteins that
may be associated with it in the spindle, from inhibitors of
tubulin polymerization that are known to be present in crude
extracts of sea urchin eggs (4) . This initial separation from the
cell of assembled tubulin has enabled us to purify spindle
tubulin by cycles of temperature-dependent assembly and dis-
assembly and to identify associations between the tublilin and
other proteins that may ultimately prove to be important in
mitosis.
The two proteins that we find associated with the spindle
tubulin from S. purpuratus through the cycles of temperature-
dependent assembly and disassembly purification are actin and
an 80-kdalton protein . Whereas the 80-kdalton protein is con-
sistently present with the tubulin through at least three cycles
of purification, the presence of actin in the preparations is
variable. There is typically more actin in cycle-purified prep-
arations from glycerol-isolated spindles than from nonglycerol-
isolated spindles, which may contain no actin at all after the
second cycle (Fig . 5) . This appears to be due to a greater
concentration of actin in glycerol-isolated than in nonglycerol-
isolated spindle preparations. Although we have positively
identified some filamentous actin wiptin isolated spindles by
arrowhead decoration with myosin subfragment-1 (T . C . S .
Keller, D . A . Begg, and L. I. Rebhun, unpublished observa-
tions), it is possible that the greater concentration of actin in
some preparations is due to a greater contamination of the
preparations with cell cortices, which have been shown to
contain large amounts ofactin (1, 5, 41) . In addition, the actin
but not the 80-kdalton protein can be removed from the tubulin
by centrifuging the assembled tubulin through cushions of8M
glycerol, suggesting that there is a stronger interaction between
the tubulin and the 80-kdalton protein than between either of
these proteins and the actin . It has been demonstrated that an
interaction between mammalian brain tubulin and actin re-
quires the presence of MAPs (15). Whether the 80-kdalton
protein in S. purpuratus can function to mediate such an
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interaction is not yet known . From these results, therefore, we
can deduce little about the apparent interaction between actin
and spindle tubulin in vitro and about whether this interaction
is meaningful in the process of mitosis .
The spindle tubulin in the cycle-purified preparations poly-
merizes with a critical concentration of 0.15-0.2 mg/ml at
37°C . This low critical concentration, which is independent of
exposure of the tubulin to glycerol, is comparable to that
obtained for bovine brain tubulin in the presence of its MAPs
(0.15 mg/ml) and is significantly less that for MAP-free bovine
brain tubulin (reported to be in the range of 2-8 mg/ml at
37°C in similar buffer conditions [29, 30, 38, 451) . Because the
80-kdalton protein consistently copurifies with and may bind
to the spindle tubulin, we examined the possibility that the 80-
Walton protein confers on the spindle tubulin the ability to
polymerize at low protein concentrations . From DEAE-cellu-
lose, the tubulin consistently elutes in two peaks: a small
fraction in the peak with the 80-kdalton protein, suggesting the
possibility of an interaction between the 80-kdalton protein
and the tubulin which changes the affinity of some of the
tubulin for the the column, and the majority in a peak with no
additional proteins. The pure spindle tubulin polymerizes with
a critical concentration of 0.15-0.2 mg/ml, demonstrating that
spindle tubulin can polymerize with a critical concentration
approximately that of cycle-purified brain tubulin but in the
absence of detectable MAPs .
We have obtained similar results with tubulin from meiotic
spindles isolated from eggs of the surf clam Spisula solidissima
which, although it also associates with other proteins through
cycles of purification, polymerizes with similar low critical
concentrations (-0 .1 mg/ml at 37°C) in the presence or ab-
sence ofthe additional proteins (21) . Spindle tubulin, therefore,
from two different phyla, Echinodermata (sea urchins) and
Mollusca (clams), polymerizes with low critical concentrations
in the absence of any additional proteins, suggesting that this
may be a general property of spindle tubulin formany species
in the animal kingdom. Whether this property is specific to
only that tubulin destined for use in mitosis is not yet known .
FIGURE 13
￿
Electron micrograph of negatively stained microtubules
formed from DEAE-purified nonglycero[-isolated spindle tubulin .
Bar, 0 .5jm . X 40,000.Although tubulin from a number of sources (3, 8, 10, 11, 21,
22, 24) polymerizes in the absence ofMAPS, in no case are the
critical concentrations reported for these tubulins as low as that
for spindle tubulin.
The spindle tubulin-associated proteins, the 80-kdalton pro-
tein in S. purpuratus and those previously described in Spisula
comprise a class of proteins which associate with spindle tu-
bulin but which do not affect its critical concentration for
polymerization. The functions of these proteins have yet to be
determined, but Murphy suggests that the proteins that asso-
ciate with Spisula spindle tubulin may be microtubule cross-
bridges (28) . Although the 80-kdalton protein in S. purpuratus
was not visualized binding along the microtubules in vitro, it
is possible that the spindle tubulin-associated proteins do me-
diate interactions between the microtubules and other compo-
nents of the spindle . Clearly, it will be important to determine
whether there are similar spindle tubulin-associated proteins in
other organisms and whether the functions of these proteins
are specific to mitosis.
In the experiments previously discussed the spindle tubulin
from S. purpuratus was polymerized at 37°C . However, the
physiological growth temperature for this species is 11-18°C
and in culture the normal development of the embryos usually
does not occur above -22°C . We have, therefore, also inves-
tigated in vitro polymerization of spindle tubulin at tempera-
tures within its physiological range . At 15°C, spindle tubulin
will selfassemble and will maintain some polymer originally
formed at 37°C and then shifted to 15°C .
The actual percentage of polymer remaining after a shift
from 37°C to lower temperatures depends on the protein
concentration, which suggests that at the lower temperature the
critical concentration for polymerization is higher . Values for
the critical concentration for polymerization of spindle tubulin
at physiological temperatures are very difficult to determine
directly, though, because ofthe length oftime required to reach
steady state amounts ofpolymer . However, estimates based on
the amount of polymer remaining for different protein concen-
trations when the temperature is lowered from 37°C to 15°C
suggest that at 15°C the critical concentration is within the
range of 0.4-0.8 mg/ml . Thus, spindle tubulin will sponta-
neously selfassemble at physiological temperatures with a crit-
ical concentration estimated to be well below the concentration
of total tubulin that has been shown to be present in S .
purpuratus eggs (2.71 mg/ml [33]), but the in vitro rate of
selfassembly at 15'C is very slow, requiring hours in the test
tube, and probably can not account for the polymerization of
spindle tubulin in vivo which occurs within minutes during
mitosis .
In vitro, the rate of polymerization at 15°C can be increased
by shearing the solution of polymerizing tubulin (Fig . 8) which
presumably breaks the microtubules present, creating more
free ends. This suggests that the rate of formation of total
polymer depends on the number of assembly sites and that the
very slow rate of selfassembly at 15°C is due, at least in part,
to a very slow rate of self-initiation at this temperature. In vivo,
this slow rate of selfmitiation could be overcome by microtu-
bule organizing centers (MTOCs) which, in addition to deter-
mining the specific location of polymerization (34, 36), could
also function as assembly sites for the spindle tubulin to speed
its overall polymerization . Isolated MTOC's, centrosomes, and
kinetochores will initiate the assembly ofbrain tubulin in vitro
(13, 14, 16, 27, 32, 40, 43, 44) in a cell cycle-dependent manner
(44) under conditions in which selfassembly is inhibited . In
addition to initiating polymerization, MTOC's might also be
able to function as templates which could dictate the 13-
protofilament structure found in the spindle instead of the 14-
protofilament structure found in spindle tubulin reassembled
in vitro. Our results with isolated spindle tubulin, therefore,
suggest the possibility that microtubule organizing or initiating
activity is a critical element in the control of tubulin polymer-
ization during mitosis and that no other polymerization stim-
ulatory factors are necessary to account for the polymerization
of spindle tubulin in vivo .
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